The passive electrosense is a primitive sensory modality in the Chondrostei, which include sturgeon and paddlefish. Using electroreceptors, these fish detect the weak electric fields from other animals or geoelectric sources, and use this information for prey detection or other behaviors. The primary afferent fibers innervating the electroreceptors project to a single hindbrain target called the dorsal octavolateral nucleus (DON), where the electrosensory information is first processed. Here, we investigated the electrophysiological properties of DON neurons. Methods Extracellular recording was used to investigate the response properties of DON neurons to dipole electric fields with different amplitudes and frequencies in the white sturgeon, Acipenser transmontanus. Results The DON neurons showed regular spontaneous activity and could be classified into two types: neurons with a low spontaneous rate (<10 Hz) and those with a high spontaneous rate (>10 Hz). In response to sinusoidal electric field stimuli, DON neurons showed sinusoidally-modulated and phase-locked firing. In addition, neurons showed opposite phase responses corresponding to the different directions of the dipole. Conclusion The response properties of DON neurons match the electrosensory biological function in sturgeon, as they match the characteristics of the electric fields of its prey.
Introduction
Sensing low-frequency weak electric fields is a primitive sense of organisms as old as the ancestor to both jawed and jawless vertebrates [1] . This sense is important for prey detection, mating and orientation in almost all electrosensory fishes [2] . The electrosense was passed down to major taxa of living aquatic vertebrates [3] . It has been lost in most modern teleost fish, but still exists in some and can be categorized into active or passive electrosense [4] .
The sturgeon and paddlefish are sister groups of primitive Chondrostei and are well known as passive electrosensory fishes [3] . The biological function of the electrosensory system in prey detection has been well documented in both [5] .
The dermal electroreceptor has also been described in sturgeon and paddlefish [6, 7] , and the processing of electrosensory information in paddlefish has been elucidated [8, 9] . However, due to the differences in body type and feeding habits, the mechanism of electrosensory processing in sturgeon remains unknown.
In all passive electrosensory fish, the primary afferent fibers innervating the electroreceptors project to a single hindbrain area, the dorsal octavolateral nucleus (DON), which in turn projects to various targets in the midbrain [10] .
It is of special interest to compare the initial electrosensory information processing of sturgeon with that of other electrosensory fishes. There have been some physiological studies of the DON in non-teleost and teleost fishes [8, 11, 12] .
However, the response characteristics of the DON in sturgeon remain to be determined. The present study aimed to characterize the response properties of the DON in the white sturgeon, Acipenser transmontanus, to local dipolar sinusoidal fields of different frequencies, amplitudes and directions of polarity. Germany) into the back muscles. Afterwards, the skull was opened to expose the DON. The fish was mounted on a custom-made fixation plate in the recording tank and the gills were irrigated with fresh water through the mouth.
Materials and methods

Animals
Stimulation
The fish were first placed in a quasiuniform electric field, which was produced by two metal plates perpendicular to the rostro-caudal axis, one 15 cm from the head and the other 10 cm from the tail. These plate electrodes generated a field that was more or less homogenous around the body, and stimulated most electroreceptors that responded simultaneously. This electric field is termed the global field [13] and was used to search for electrosensory neurons. The same setup was used in a previous study by Hofmann et al. [14] . Due to potential polarization effects, noise and direct-current offset, only large-amplitude fields were detectable. In this study, within the measurable range, there was a linear relation between the computer signal output (CED system) and the measured field magnitude.
Recording The activity of DON neurons was recorded
with indium-alloy-filled glass electrodes (0.1-5 MΩ). As Quest Scientific, North Vancouver, Canada) was used to remove line noise.
Data analysis
Data were analyzed using Spike 2 software (Wave Analysis; CED, Cambridge, UK). For spontaneous activity, the discharge variability was quantified by the coefficient of variation (CV), the ratio of standard deviation to mean interspike interval. A CV value of 1 means that the spike-train is random, and a lower value indicates a more regular spike-train.
For responses to sinusoidal wave fields with different frequencies and amplitudes, two parameters were calcu-lated. One was the relative discharge rate, i.e., the mean spike rate during the stimulation minus the spontaneous rate; this was calculated to determine the neurons' sensitivity. The other was the degree of phase-locking, which was obtained by computing the normalized period histogram of the phase angles of the spikes relative to the sine-wave cycle. Then, the value D was calculated, which is based on an estimate of the entropy of a period histogram and used as a measure of degree of phase-locking [15] . This value is 0 for random data and 1 if all spikes are in the same bin of the period histogram. For the period histogram of each neuron, all stimuli were repeated at least 5 times. The relation between spontaneous rate and relative discharge rate or D value was plotted and analyzed. Thus the neurons were classified into two types: those with a high spontaneous rate and those having a low spontaneous rate. The mean CV for all neurons was 0.4 ± 0.2, suggesting that the spontaneous activity of the neurons was relatively regular. The mean CV values for the two types were 0.39 ± 0.25 (high spontaneous rate) and 0.56 ± 0.05 (low spontaneous rate), and there was no significant difference between them (Mann-Whitney U test, U = 12.00, Z = -1.24, P >0.05). of the sine-wave, and suppressed during the negative cycle (Fig. 1) . In the neurons with low spontaneous activity, there were only one or two spikes in each positive cycle (Fig. 1B) ; and for those with high spontaneous activity, there was a cluster of firing in the positive cycle, but little firing in the negative cycle (Fig. 1A) . This suggested that phase-locking occurred during the stimulus. It needs to be mentioned that in some neurons the firing was suppressed during the positive cycle of the sine-wave, and enhanced during the negative cycle.
Results
Spontaneous activity
Response to sinusoidal wave stimulation
In 12 DON neurons, the responses to a 5-Hz sinusoi-dal dipole stimulus with 1-100 µV/cm peak-to-peak amplitudes were tested. The evoked responses depended upon the magnitude of the stimuli. At high electric field magnitude, apparent phase-locked responses occurred, while at low amplitude, there was little evoked firing. Above 25 µV/cm, there was a significant increase in relative discharge rate (T-test, P = 0.009), with a maximum of 30 Hz ( Fig. 2A) . The D value, that denotes the degree of phaselocking, remained very low when the stimulus amplitude was low, but increased when the stimulus amplitude was >5 µV/cm (P = 0.008).
The DON neurons (n = 12) were also tested with sinusoidal fields at 0.1-10 Hz. In a previous study, the maximum stimulus amplitude was chosen as 25 µV/cm to compare the results from sturgeon with those from paddlefish [14] . However, here we found that this stimulus amplitude was too low to evoke reliable responses in sturgeon. The relative discharge rate barely changed (T-test, P >0.05), varying within a small range from -1 to 1 Hz (Fig. 3A) . However, the degree of phase-locking (D value) showed a notable increase with frequency from 0.5 to 5 Hz (P = 0.03), with a slight decrease at 10 Hz (Fig. 3B ).
Fig. 2 Responses of DON neurons (n = 12) to sinusoidal stimulation (5 Hz) at different amplitudes (1-100 μV/cm). A: When the amplitude was >25 μV/cm,
the relative discharge rate showed a trend of increase at higher amplitudes (P <0.01). B: The D value also showed a trend of increase at higher amplitudes, when the amplitude was >5 μV/cm (P <0.01). (Fig. 4A) . But when the dipole was perpendicular to the body axis, these neurons' firing was suppressed at the positive cycle, and enhanced at the negative half-cycle at a phase angle of approximately 90° (Fig. 4B) .
Responses to different dipole orientations
Discussion
Electrosensory information-processing related to
spontaneous activity In this study, the mean rate of spon- taneous activity in DON units of the white sturgeon was 15 Hz, which is substantially higher than the 1.2 Hz in elasmobranchs [12] and the 6 Hz in catfish [16] ; but lower than that in paddlefish (31 Hz) [14] . Similar to paddlefish, the interspike intervals in the DON neurons of sturgeon had a mean CV lower than 1 [14] , suggesting relatively regular spontaneous firing.
In the present study, the responses of DON neurons to external electric field stimulation were characterized by relative discharge rate and D value (degree of phaselocking). The relative discharge rate increased with spontaneous activity (Fig. 5A ), but the degree of phase-locking decreased (Fig. 5B ). This may have implications for neuronal information processing.
Although the spikes appeared as clusters during the positive or negative half-cycle of the electrical stimulus, the overall discharge rate changed only mildly. This suggests that the spontaneous rate acts as a carrier frequency in electrosensory information-processing. Carrier modulation also occurs in paddlefish, and the highest stimulus frequency must be lower than the mean rate to allow accurate coding in the signal bandwidth [17] . Thus, the neurons with high spontaneous activity had the highest relative evoked rates during the stimulus. However, the degree of phaselocking decreased with the spontaneous rate. During the high-intensity stimulus experiments, some neurons showed saturation of their firing rates, even to the point of impairing information coding. Thus, the neurons with a low spontaneous rate would exhibit stronger phase-locking than those with a high spontaneous rate. It was suggested that the neurons with different spontaneous rates may act in different kinds of information-processing, i.e., via rate coding or phase coding.
Besides, when sinusoidal wave stimuli were applied in the mode of amplitude modulation, the neurons showed a trend of increased relative discharge rates at amplitudes above 25 µV/cm ( Fig. 2A) , and the D values also increased with amplitudes above 5 µV/cm (Fig. 2B) . However, in response to frequency modulation at an amplitude of 25 µV/cm, the relative discharge rates changed little (Fig. 3A) while the degree of phase-locking increased with frequency (Fig. 3B) .
One reason may be that the intensity of the stimulus was too small to evoke a response in DON neurons [14] . Another is that the phase of the signal, but does not change the waveform [8] .
However, our analysis was based on all the DON neurons, and could involve a combination of rate coding and phase coding.
If the two coding algorithms occur in different neurons, this would have important implications for electrosensory behaviors. For example, electrosensory fish need a rapid response mechanism to avoid the high-intensity stimulus from predators or metal obstacles. Rate coding is more useful for a directional response and does not require complex computation. In preydetection or mating, the rapid response of phase-locking may be helpful in electrosensory orientation.
Different responses in paddlefish and sturgeon
Similar to the paddlefish, the sturgeon DON neurons showed amplitude and frequency tuning, but there were differences in response threshold. Unlike the small planktonic prey of paddlefish, the prey of sturgeon is much larger, including small fish and mollusks, and the maximal bioelectric field from these prey is up to 20 mV [18, 19] . The response threshold of sturgeon was higher than that of paddlefish [13] , which corresponds to their different prey. Some behavioral researchers claim that the sterlet A. ruthenus and the Russian sturgeon A. gueldenstaedtii orient and actively forage in electric fields ranging from 0.2 to 0.6 mV/cm [20] . For frequency tuning, both paddlefish and sturgeon show similar sensitive frequencies from 0.5 to 10 Hz. The frequencies of bioelectric fields from aquatic animals are usually in the range of 0.5 to a few Hertz [2] . The frequency tuning range of sturgeon DON neurons is also consistent with the frequency range of its prey.
In sturgeon, the DON neurons showed differential phase-locking at different dipolar directions (Fig. 4) . The DON neurons always produced spikes that were phaselocked to the sine-wave, and the phase coupling varied among neurons. In catfish, two populations of cells with opposite response polarity were described in their lateral line lobes (equivalent to the DON) [16] . In paddlefish, neurons with opposite phase-locking relationships were found with the same stimulus, and may receive different information from fibers innervating the rostrum and gill cover [17] .
However, the dipole source was placed under the ventral rostrum of sturgeon, thus the condition was different from that in the previous study of paddlefish [17] . It is clear that this response of inhibition and excitation may be used in prey detection by sturgeon. The bioelectric field was previously elucidated as a type of dipole source with a positive head and a negative tail, or vice versa [21, 22] , suggesting that the selective response to differential dipolar direction is used in prey detection or conspecific interactions. Accurate phase coding is helpful in electrosensory orientation.
